

















































XECBANI GAL PROPERTIICS OF FLUSH-RIVETED JOINTS 
3;y Vm. C .  Brueggeman and. F r e d e r i c k  C .  Roop 
The s t r e n g t h  of r e z r e s e n t a t i v e  t y p e s  of f  l u s h - r i v e t  ed 
j o i n t s  h a s  been d e t e r n i n e d  by t e s t i n g  865 s i n g l e - s h e a r i n g ,  
d o u b l e - s h e a r i n g ,  and  t e n s i l e  spec imens  r e p r e s e n t i n g  7 f y p e s  
of r i v e t  a n d  1 8  t y p e s  of j o i n t .  The r e s u l t s ,  p r e s e n t e d  i n  
g r a p h i c  f o r m ,  shom t h e  s t r e s s  a t  f a i l u r e ,  t y p e  of  f a i l u r e ,  
a ~ d  d / t  r a t i o .  I n  g e n e r a l ,  "dimpled1 '  j o i n t s  were a p p r e -  
c i a b l y  s t r o n ~ e r  t h a n  c o u n t e r s u n k  o r  p r o t r u d i n c - h e a d  j o i n t s ,  
b u t  t h e i r  s t r e n g t h  w a s  p r e a t l y  i n f l u e n c e d  b;r c o n s t r u c t i o n -  
a l  d e t a i l s .  The optimum d / t  r a t i o s  have  been d e t e r m i n e d  
f o r  t h e  s e v e r a l  k i n d s  of j o i n t s .  P h o t o n a c r o g r a p h s  of e a c h  
t y p e  shom c o n s t r u c t i o n a l  d e t a i l s  a n d ,  i n  s e v e r a l  i n s t a n c e s ,  
c r a c k s  i n  t h e  s h e e t .  
INTRODUCTION 
Aluminum-alloy s h e e t  m e t a l  f a s t e n e d  by r i v e t s  i s  wide-  
l y  u s e d  a s  a n  e x t e r i o r  " s k i n "  o r  p l a t i n g  on modern a i r -  
- c r a f t .  The p e r f o r m a n c e  of ~ i r c r a f t  depends  t o  some e x t e n t  
on t h e  smoothness  of t h i s  s k i n  because  p r o t u b e r a n c e s  a n d  
i r r e g u l a r i t i e s  c a u s e  f r i c t i o n n l  r e s i s t a n c e .  P r o t r u d i n c  
r i v e t  h e a d s  a r e  known t o  be an i m p o r t a n t  s o u r c e  of s k i n  
f r i c t i o n  b o t h  i n  a i r  ( r e f e r e n c e s  1, 2 ,  2nd 3 )  and i n  w a t e r  
( r e f e r e n c e s  4 a n d  5 ) .  T h i s  c o n s i d e r a t i o n  has c a u s e d  mnnu- 
f a c t u r e r s  t o  u s e  v a r i o u s  r i v e t s ;  t h a t  i s ,  r i v e t s  
t h e  m a n u f a c t u r e d  head  of which  i s  v i r t u a l l y  c o n t i n u o u s  
w i t h  t h e  a d j a c e n t  s h e e t .  
Znny h i g h l y  i n r e n i o u s  d e s i g n s  a n d  t e c h n i q u e s  f o r  f l u s h  
r i v e t i n g  have  been  d e v e l o p e d ,  Ger l e r a l ly  a r e c e s s  i s  formed 
i n  t h e  s h e e t  by e i t h e r  l l coun te r s in l . ; i ngn  o r  l l d i m p l i n g "  t o  
f i t  t h e  m a n u f a c t u r e d  head  of t h e  r i v e t .  By  u c o u n t e r s i n k i n % l l  
i s  mea.nt t h e  removal  of m e t a l  a t  one end of  t h e  r i v e t  h o l e  
t o  fo rm a c i r c u l a , r  b e v e l .  l lD impl in<f l  c o n s i s t s  of forming: 
a n  i n d e n t a t i o n  i n  t h e  s h e e t  by means of  s u i t a b l e  d i e s  ap -  
p l i e d  by r r e s s u r e  o r  impac t .  Dimpling i s  u s e d  t o  a s r e a t e r  
e x t e n t  t h a n  c o u n t e r s i n k i n g  ' i n  t h i n  s h e e t s ,  bu t  where s h e e t s  
a r e  j o i n e d  t o  a  r e l a t i v e l y  t h i c k  s t r u c t u r a l  member t h e  
s h e e t  i s  o f t e n  d impled  and  t h e  member c o u n t e r s u n k .  D e t a i l s  
of f l u s h - r i v e t e d  j o i n t s  u s e d  i n  German a i r c r a f t  a r e  g i v e n  
i n  r e f e r e n c e  6 .  R e f e r e n c e  7 d e s c r i b e s  a n  American manufac- 
t u r e r ! ~  p r o d u c t i o n  methods f o r  f l u s h  r i v e t i n s ,  T o o l s  f o r  
d r i l l i n g ,  d i m p l i n g ,  c o u n t e r s i n k i n g ,  a n d  h e a d i n g  i n  f l u s h  
r i v e t i n g  a r e  d e s c r i b e d  i n  r e f e r e n c e  8. 
The p r o c e d u r e  and  a s s u m p t i o n s  u sed  i n  t h e  d e s i g n  'of 
p r o t r u d i n g - h e a d  o r  coun te r sunk-head  r i v e t e d  j o i n t s  f o r  
a i r c r a f t  a r e  s u b s t a n t i a l l y  t h e  s a n e  a s  t h o s e  u s e d  f o r  dec- 
a d e s  i n  t h e  d e s i g n  of o t h e r  r i v e t e d  e i i < i n e e r i n $  s t r u c t u r e s .  
An a d e q u a t e  concep t  of  t h e  s t r e n g t h  of d impled  j o i n t s  can-  
n o t  be  o b t a i n e d  on t h i s  f a m i l i a r  b a s i s ,  however ,  b e c a u s e  a 
c o n s i d e r a b l e  p o r t i o n  of t h e  l o a d  on a d impled  j o i n t  may be 
t r a n s m i t t e d  t h r o u g h  t h e  b e a r i n q  s u r f a c e s  of t h e  d imple  
w i t h o u t  a c t i n g  on t h e  r i v e t .  Dimpled r i v e t s  z r e  o f  ma jo r  
i m p o r t a n c e  i n  modern f l u s h  r i v e t i n g ;  a v i d e  v a r i e t y  of  con- 
s t r u c t i o n a l  d e t a i l s  and  f a b r i c a t i o n  t e c h n i q u e s  a r e  u s e d .  
C o n s e q u e n t l y ,  a l a r g e  aiaoqunt of s y s t e m a t i c  t e s t  d a t a  would 
be r e q u i r e d  t o  p u t  t h e  d e s i ~ n  of d impled  J o i n t s  on a b a s i s  
a s  r a t i o n a l  as t h e  r e ~ u l a r  p r o c e d u r e  f a r  d e s i ~ n i n s  p r o t r u d -  
i n q - h e a d  and  coun te r sunk-3ead  r i v e t e d  j o i r , t  s .  A l though  
most m a n u f a c t u r e r s  have  made t e s t s  of t h e  t y 2 e  of f l u s h  
r i v e t  used i n  t h e i r  p a r t i c u l a r  a i r c r a f t ,  t e c h n i c a l -  l i t e r a -  
t u r e  c o n t a i n s  l i t t l e  i n f o r m a t L o n  u s e f u l  i n  d e s i g n i n g  f l u s h -  
r i v e t e d  j o i n t s .  I t  i s  t h e  o b j e c t  of this i n v e s t i g a t i o n  t o  
o b t a i n  and  make a v a i l a b l e  s u c h  i n f o r m a t i o n .  The work was 
c a r r i e d  o u t  by t h e  N a t i o n a l  Bureau  of S t a n d a r d s  a t '  t h e  r e -  
q u e s t  of t h e  X a t i o n a l  A d v i s o r y  Comrlit tee f o r  Aeronautics. 
I. G e n e r s l  
Seven a i r p l a n e  m a n u f a c t u r e r s  and  t L e  i \ r~,val  A i r c r z f t  
F a c t o r y  c o o p e r a t e d  by f u r n i s h i n s  spec imens  r a p s e s e n t a t i v e  
of c o m n e r c i a l  p r o d u c t i o n .  Each m a n u f a c t u r e r  f a b r i c a t e d  
syec imens  a c c o r d i n g  t o  h i s  own p r o d u c t i o n  methods.  I n  ad-  
d i t i o n ,  two s r o u p s  of  spec imens  mere f a b r i c a t e d  a t  t h e  
N a t i o n a l  Bureau  of  S t a c d a r d s ,  u s i n g  s p e c i a l - o v a l - c o u n t e r -  
sunk and b r a z i e r - 5 e s d  r i v e t s ,  r e s ~ e c t i v e l y .  Al-though 
t h e s e  a r e  n o t  s t r , i c t l y  f l u s h - r i v e t e d  j o i n t s ,  t h e y  were  i n -  
c l u d e d  b e c a u s e  t h e y  a r e  a l t e r n a t i v e  t y p e s  which a r e  some- 
t i m e s  u s e d ;  t h e  b r n z i n r - h e a d  sgec imens  2 l s o  p e r m i t  a  com- 
p a r i s o n  w i t h  a c a n v e n t i o n c l  p r o t r u d i n g - h e a t t  t y p e ,  
2 .  Des ign  
A s t a n d a r d i z e d  s e r i e s  of s i n g l e - s h e a r i n g ,  d o u b l e -  
s h e a r i n g ,  and  t e n s i l e  ( l o a d  p a r a l l e l  t o  t h e  r i v e t  a x i s )  
s p e c i ~ e n s  mrts u s e d .  A s c h e m a t i c  l o a d  d iagram f o r  e a c h  
k i n d  i s  g i v e n  i n  f i q u r e  1; drawin<;s of t h e  spec imens  n r e  
$ i v e n  i n  f i g u r e s  2 a n ?  3. The spec imens  were r n d e  a s  01- 
e m e n t a r p  a s  p o s s i b l e  t o  p e r m i t  an  e a s y  compar i son  be tween  
t h e  d i f f e r e n t  t y p e s  of r i v e t s .  
T e n s i l e  spec imens  mere i n c l u d e d  b e c a u s e  i t  i s  o b v i o u s  
t h a t  some r e s i s t a n c e  t o  p u l l i n g  t h o  r i v e t  hcnds  o u t  of  t h e  
s h e e t  i s  r e q u i r e d ,  n o t w i t h s t a n d i n s  t h e  adssumption by many 
d e s i ~ n e r s  t h a t  t h e  s t r e n g t h  of a r i v e t  u n d e r  t e n s i l e  l o a d  
i s  n e y l i g i b l e .  P r o b a b l y  s e v e r e  c o n d i t i o n s  of t e n s i l e  
l o a d i n g  would more o f t e n  r e s u l t  f rom a c c i d e n t  t h a n  f rom 
d e s i ~ n .  P o r t i o n s  of t h e  p l a t i n 4  of a i r c r a f t  have been  
known t o  t e a r  o f f  when t h r o u g h  a c c i d e n t '  t h e  i n t e r i o r  s u r -  
f a c e  of  t h e  p l a t i n g  became exposed  t o  t h e  dynamic p r e s -  
s u r e  of t h e  a i r ;  t h e  l o s d i n g  of a  s i n q l e - s h e a r i n g ,  j o i n t  
(i'ig'. 1 )  t o  f a i l u r e  i s  g e n e r a l l y  accom-pnnied b y  b e n d i n g  of 
t h e  o f f s e t  membors a n d  t e n s i l e  l o a d i n g  o f  t h e  
r i v e t ;  l o c a l  b u c k l i n q  of s h e e t  o f t e n  e s e r t  s  p r y i n g  f o r c e s  
on t h e  r i v e t s .  
The s h e a r i l g  spec imens  ( f i g .  2 )  c o n s i s t e d  of  o v e r l a g -  
p i n s  s t r i p s  of  s h e e t  f a s t e n e d  by s i n g l e  r i v e t s .  The ex- 
p r e s s i o n  f o r  t L e  w i d t h  shown i n  f i g u r e  2 4 i v e s  a c o n s t a n t  
r a t i o  o f  n e t  c r o s s - s e c t i o n a l  area ,  of t h e  s h e e t  a t  t h e  r i v -  
e t  t o  t h e  a r e a  of t h e  r i v e t .  The  d o u b l e - s h e a r i n g  s p e c i -  
men mas l e f t  o p t i o n a l .  The sl3ecimens ]?ere h e l d  i n  t h e  
t e s t i n g  machine by ? i n  c o n n e c t i o n s  a s  shown i n  f i g u r e  4 .  
I n  t h e  t y ~ e  of s i n g l e - s h e a r i n g  s p e c i x e n  t h a t  w a s  u s e d ,  t h e  
d e f o r n a t i o n  b e f o r e  f a i l u r e  of t h e  s h e e t s  i s  b e l i e v e d  t o  be 
4 r e a t e r  a n d  t h e  c o n d i t i o n s  of l o a d i n g  more s e v e r e  t h a n  i f  
two o r  more r i v e t s  3crd been  u s e d  i n  tanC?em o r  two a b u t -  
t i n g  s h e e t s  h a d  been r i v e t e d  t o  a t h i r d  s h e e t .  
The t e n s i l e  specimen ( f i g .  3 )  c o n s i s t e d  of two s q u a r e  
s h e e t s  r i v e t e d  t o s e t h e r  a t  t h e  c e n t e r .  Each s h e e t  was 
b o l t e d  t o  a f l s n g e  ( f i g .  5 )  which  was c o ~ n e c t e d  t o  t h e  
t e s t i n g  machine .  Spec imens  h a v i n q  d . i fTe ren t  r i v e t  d i a ~ i e -  
t e r s  were % e o m e t r i c a l l y  s imi lar  i n  t h e  p l a n e  of t h e  s h e e t s ;  
t h e r e f o r e ,  t h e  r e s u l t s  a r e  d i r e c t l y  comparnble  i f  t h e  d / t  
r a t i o  i s  t h e  same. The r e s u l t s  of  a l l  t e n s i l e  t e s t s  of 
r i v e t e d  j o i n t s  n e c e s s a r i l ~  depend on t h e  d e s i g n  of  t h e  
syec imen and  f i x t u r e ,  t ? ~ e r e f o r e  t h e  r e s u l t s  o b t a i n e d  i n  
t h i s  i n v e s t i g a , t  i o n  a r e  n o t  c l i r e c t l g  comparnble  w i t h  r e -  
s u l t s  o b t a i n e d  by o t h e r  methods . .  T e n s i l e  t e s t s  of  p ro -  
t r u d i n g - h e a d - r i v e t e d .  j o i n t s  a r e  r e g o r t e d  i n  r e f e r e n c e  9 ,  
The spec imen mas of t h e  same d e s i z n  u s e d  i n  t h e  p r e s e n t  
i n v e s t i g a t i o n .  
3. D e s c r i p t i o n  a,nd M a c r o s t r u c t u r e  
A l l  n a n u f a c t u r e r s  submi t t e 2  s i n . ; l e - s h e a r i n g  a n d  t e n -  
s i l e  spec imens ;  some subirii t t ed  d o u b l e - s h e a r i n g  spec imens .  
Each m a n u f a c t u r e r  i s  d e s i g n a t e d  by a symbol A ,  B ,  C ,  D ,  
E ,  F ,  o r  G. The Naval  A i r c r a f t  F a c t o r y  i s  d e s i g n a t e d  by 
NAF and t h e  N a t i o n a l  S u r e a u  of S t a n d a r d s  by FSS. Cross -  
s e c t i o n 2 1  d raminqs  of t h c  j o i n t s  a r e  shomn i n  f i g u r e  6 .  
Each t y p e  of r i v e t  i s  shonn i n  t h e  f i r s t  v e r t i c a l  column. 
The r e s p e c t i v e  t y p e s  of j o i n t  f o r  lvhich e a c h  r i v e t  mas 
u s e d  a r e  shown c r o s s w i s e  of t h e  f i ~ u r e .  The t y p e s  o f  r i v -  
e t  a r e  i d e n t i f i e d  by o n e - d i g i t  numbers.  The t y p e s  of 
j o i n t  a r e  i d e n t i f i e d  by t w o - d i q i t  numbers ,  of which t h e  
f i r s t  d i g i t  i d e n t i f i e s  tile r i v e t  and t h c  l a s t  p e r t a i n s  t o  
t h o  t y n e  a n d  c o n s t r u c t i o n  of t h e  j o i n t  ( s i n g l e - s h e a r i n g ,  
double-shea,r ini? ; ,  d imp led ,  c o u n t e r s u n k ,  e t  c .  ) a s  g i v e n  i n  
t a b l e  I .  
TABLE I .  l i e a n i n s  of Second D i g i t  i n  J o i n 5  Numbers 
S i n g l e  I Double 
a h e a r i n q  I s h e a r i n g  1 
I A ~ I .  s h e e t s  d impled .  
I Xachine  c o u n t e r s u n k .  / P r o t r u d i n g  bxSaz ie r  h e a d .  
1 One s h e e t  d imp led ,  one s h e e t  mac3ino c o u n t e r s u n k .  
The j o i n t  number s ,  number o f  s p e c i m e n s ,  and  t h e  mate- 
r i a l s  a r e  g i v e n  i n  t a b l e  11. 
2 4 ~ ~ )  but the sheet is obviously not Alclad, Believed to be 2451.. 
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2. Air Corps specification. 
3, Air Corgs standard (prt of Air Corps Specification 2552~) ..
4, Navy specificatian. 5. Navy specification for rivet v~ire. 
6. No specification given. 
7,.Manufacturer E stated that the sheet complied with Air Csrps Specification 11067 (~lclsd 
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To d e t e r m i n e  t h e  c o n s t r u c t i o n a l  d e t a i l s  and  t h e  oc- 
c u r r e n c e  of  c r a . c k s ,  spec imens  mere s e c t i o n e d  t h r o u g h  t h e  
r i v e t  and  pho tomacrographs  ( f i g s .  7 t o  11 i n c l u s i v e )  mere 
made by t h e  M e t a l l u r q i c a l  D i v i s i o n .  The spec imens  se -  
l e c t e d  f o r  p h o t o m a c r o g r a p h i n s  were one h a v i n g  t h e  g r e a t e s t  
and  one  h a v i n g  t h e  l e a s t  d / t  r a t i o  f o r  e a c h  t y p e .  To de- 
t e r m i n e  whe the r  t h e  s h e e t  was c r a c k e d  r a d i a l l y  a t  t h e  r i v -  
e t  h o l e ,  two a d d i t i o n a l  spec imens  of e a c h  t y p e  of d imgled  
j o i n t  were s e c t i o n ' e d  a t  a  p l a n e  normal  t o  t h e  r i v e t  a .x i s  
a n d  i n t e r s e c t i n g  t h e  d impled  s h e e t  a t  t h e  edge  of  t h e  r i v -  
e t  h o l e  on t h e  convex s i d e .  C r a c k s ,  shown i n  f i g u r e  L O ( % ) ,  
were found  i n  o n l y  one spec imen ,  t y g e  21. 
The f o l l o w i n g  d e s c r i p t i o n  of  t h e  spec imens  c o n t a i n s  a 
summary of e a c h  m a n u f a c t u r e r  I s  s t a t e m e n t  r e s e r d i n g  h i s  
spec imens  f o l l o w e d  by o t h e r  i n f o r m a t i o n  o b t a i n e d  f r o m  a n  
e x a m i n a t i o n  of  t h e  spec imens .  
t 
1. 
M a n u f a c t u r e r  A - r i v e t  6 i o i n t s  6 2  and. 6 6  f i ~ u r e s  
.------------,--.---.---,l,rL---------------1_.__;2-.--2---- 
'6 a n d  7.- An i n c l u d e d  a n g l e  of  13CI0, a s l i g h t  crown,  a n d  a  
c y l i n d r i c a l  edge mere shown i n  a drawing  of t ype -6  r i v e t s  
s u b m i t t e d  by m a n u f a c t u r e r  A .  He s t a t e d  t h a t  t h e  r i v e t s  
were d r i v e n  by hand  i n  mach ine -coun te r sunk  s h e e t s  a n d  f i n -  
i s h e d  w i t h  a r i v e t  peen .  
P i g u r e  7 shows a s l i g h t  c r e v i c e  between t h e  manufac- 
t u r e d  head  a n d  t h e  s h e e t .  Such  a c r e v i c e  i s  s a i d  t o  f a -  
' c i l i t a t e  c o r r o s i o n  by r e t a i n i n <  m o i s t u r e .  
&hnuf_actur.e r B - r i v e t  l-,-$ojn4-kli-xi-vettSIIJoInt 
Z&,-f&guS.res 6  and-g.- Tile m a n u f a c t u r e r  s t a t e d  t h a t  78'- 4 
coun te r sunk-head  r i v e t s  conforming  t o  A i r  Corps S p e c i f i c a -  ' 
t i o n  25526 -A ,  S t a n d a r d  S h e e t  AN425 t y p e  AD, were u s e d  i n  
. the  m a j o r i t y  of t h e  spec imens  ( j o i n t s  1 1 )  ancE a  few b r a z i e r -  
.head r i v e t s ,  t y p e  AN455AD, were  u s e d  ( j o i n t  5 1 ) .  A 1 1  s h e e t s  
were d impled .  R i v e t s  3/32 i n c h  t o  5/32 i n c h  i n  d i a m e t e r  
were d r i v e n  by a pn'eumatic g u n ;  r i v e t s  of  d i a m e t e r s  3/16 
i n c h  a n d  1 / 4  i n c h  v e r e  d r i v e n  by hand. 
F i g u r e  8 shoxvs t5at t h e  d imple  of t y p e - 1 1  j o i n t s  was 
c u r v e d  t o  a n  u n u s u a l l y  l a r q e  r a d i u s ,  p r o b a b l y  t o  a v o i d  
c r a c k s .  The g r a d u a l  c u r v a t u r e  a t  t h e  d imple  i n t r o d u c e s  a  
c r e v i c e  between t h e  m a n u f a c t u r e d  head and  t h e  s h e e t ,  a l s o  
a c e r t a i n  amount of tvaviness  i n  t h e  s u r f a c e  of  t h e  j o i n t  
due t o  t h e  l a y g e  d i a m e t e r  of  t h e  d i m p l e ,  Accord ing  t o  
r e f e r e n c e  6 ,  t e s t s  of  a i r f o i l s  c o n t a i n i n g  a  p a t t e r n  of an-  
n u l a r  g r o o v e s  0.007 i n c h  deep  s i m u l a t i n g  t h e  c r e v i c e  be- 
tne\en t h e  h e a d  o f  a, 3/32- inch  d impled  r i v e t  2nd t h e  s u r -  
r o u n d i n g  s h e e t   shot^ t h a t  such  g r o o v e s  i n c r e a s e  t h e  d r a s  
a p p r e c i a b l y ,  even  though  no p a r t  of  t h e  r i v e t  p r o j e c t s  
above  t h e  s h e e t .  
The b r a z i e r  h e a d  of t h e  t ype -5  r i v e t s  i s  f l a t t e n e d  
d u r i n g  d r i v i n g  and  becomes a p p r o x i m a t e l y  f l u s h  w i t h  t h e  
s h e e t  as shomn i n  f i g u r e  8 .  S e v e r e  s h e a r i n g  d e f o r m a t i o n  
of t h e  s h e e t s  a t  t h e  r i m  of t h e  m a n u f a c t u r e d  hea,d i s  e v i -  
d e n t  i n  t h e  t y p e - 5 1  j o i n t .  The t o p  s h e e t  h a s  c r a c k e d  a t  
t h i s  l o c a t i o n .  T h i s  d e f o r m a t i o n  p r o b a b l y  r e s u l t e d  e i t h e r  
from p o o r l y  f i t t i n g  d i m p l i n g  t o o l s  o r  f rom e x c e s s i v e  p r e s -  
s u r e .  
M a n u f a c t u r e r  C - r i v e t  3 ' o i n t s  3 1  and  35 f i g u r e s  
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6 a n d 9 . -  I J a n u f a c t u r e r  C s t a t e d  t h a t  h i s  r i v e t s  had  an  i n -  
c l u d e d  a n g l e  of l o o 0  a n d  a c y l i n d r i c a l  edge .  They were  
d r i v e n  by a p r o c e s s  t e rmed  I1punch c o u n t e r s i n k i n g "  i n  which 
t h e  m a n u f a c t u r e d  h e a d  fo rms  i t s  own d imple .  A s p e c i a l  
" o n e - s h o t "  gun was u s e d .  T h i s  r i v e t  and  p r o c e s s  mere 
a d o p t e d  a f t e r  c o n s i d e r a b l e  e x p e r i m e n t i n q .  The t o o l s  u s e d  
t o  d r i v e  t h e  r i v e t  were n o t  d e s c r i S e d ,  b u t  i t  i s  p r o b a b l e  
t h a t  d i m p l i n g  of t h e  s h e e t s  a n d  h e a d i n g  of  t h e  r i v e t  were  
a c c o m p l i s h e d  w i t h  t h e  same t o o l s  a n d  a t  t h e  same t i m e .  An 
i n c l u d e d  a n g l e  of  100' was s a i d  t o  be b e s t  f o r  s e l f -  
d i m p l i n g  heads .  Heads havin: a s m a l l e r  a n g l e  a r e  ex t ruded-  
i n t o  t h e  h o l e  t o  some e x t e n t  a n d  t h e  r ema in ing  m a t e r i a l  i s  
s e v e r e l y  cold-worked t o  a f i n a l  s h a s e ,  mhich may be  t o o  
s h a l l o ~ ~  i n  s p i t e  of  t h e  3 r e a t e r  i n i t i a l  d e p t h .  Heads hav- 
i n q  i n c l u d e d  a n g l e s  q r e a t e r  t h a n  l o o 0  a r e  i n i t i a l l y  t o o  
s h a l l o w  t o  have  a d e q u a t e  s t r e n g t h  a n d  r i g i d i t y .  The p u r -  
p o s e  of t h e  c y l i n d r i c a l  edge  on t h e  manufac tu red  h e a d  i s  
t o  p r e v e n t  f a t i g u e  f a i l u r e  mbich had  been f o u n d  t o  o c c u r  
i n  s h a r p  e d s e s  a n d  a l s o  t o  p r e v e n t  damaGe i n  h a n d l i n s  aud  
s h i p p i n g .  The u s u a l  t g p e  of ~ n e u m a t i c  hammer was f o u n d  
t o  be  i n a d e q u a t e  f o r  d r i v i n ~  t h i s  form of s e l f - d i m p l i n ~  
r i v e t .  S e v e r a l  p01~verful hammer b l o a s  a e r e  s a i d  t o  g i v e  
much b e t t e r  r e s u l t s  t h a n  a l a r g e  number of  l i 5 h t  bloms 
which  work-harden t h e  r i v e t  u n n e c e s s a r i l y  and  c a u s e  r a d i -  
a l  d e f o r m a t i o n  of  t h e  s h e e t s .  A "one - sho t "  hammer power- 
f u l  enough t o  d r i v e  r i v e t s  i n  two o r  t h r e e  blows was de- 
v e l o p e d  by m a n u f a c t u r e r  C .  Punch c o u n t e r s i n k i n g  was s a i d  
t o  b e  most s a t i s f a c t o r y  f o r  s h e e t  t h i c k n e s s e s  be tween  0.014 
i ~ c h  and  0.064 i n c h .  
Cross  s e c t i o n s  of j o i n t s  8 1  and  35 a r e  shomn i n  f i g -  
u r e  9(a). Vhen d r i v i n g  s e l f - d i m p l i n s  r i v e t s ,  i f  t h e  d / t  
r a t i o  i s  v e r y  low t h e  c o m p r e s s i v e  s t r e s s  i n  t h e  manufac- 
t u r e d  head  c o r r e s p o n d i n g  t o  t h e  l o a d  r e q u i r e d  t o  d imple  t h e  
s h e e t  becomes so < r e a t  t h a t  a v e r y  s h a l l o m  m a n u f a c t u r e d  
head  r e s u l t s .  ( S e e  f i s .  9 ( a ) . )  
The t o p  j o i n t  i n  f i g u r e  9 ( a )  a p p a r e n t l y  h a s  a c r a c k  
i n  t h e  r i v e t  shank  which i s  shown e n l a r g e d  i n  ( b ) .  Eow- 
e v e r ,  when t h e  shank  was a g a i n  s e c t i o n e d ,  a s  shown i n  ( c ) ,  
a t  90' t o  t h e  p l a n e  exposed  i n  ( a )  and  ( b )  no c r a c k  was 
v i s i b l e .  The deformed a n d  undeformed < r a i n s  of t h i s  r i v e t  
a r e  shown i n  f i g u r e  9 ( d )  and  ( e ) ,  r e s p e c t i v e l y .  
~ ~ n n f ~ s t s r e ~ ~ ~ ~ ~ ~ r l _ v ~ _ t . . ~ ~ - L - 9 o I ~ 1 ; 1 ; ~ L I I f f ~ c , ~ e ~ S S S s ~ ~ ~ ~ ~ - -  
T h i s  m a n u f a c t u r e r  s t a t e d  t h a t  h i s  '78' coun te r sunk-head  
t y p e  AX425D r i v e t s ,  were d r i v e n  by a " o n e - s h o t "  gun i n  
machine-dimpled s h e e t s .  
F i 3 u r e  8  shows t h a t  t h e  r a d i u s  of t 3 e  d imple  was com- 
p a r a t i v e l y  s h o r t .  P r a c t i c a l l y  t h e  f u l l  d e p t h  of t h e  man- 
u f a c t u r e d  head  i s  i n  c o n t a c t  w i t h  t h e  d i m p l e .  The r i v e t  
h o l e s  a p p e a r  t o  have  been r e d r i l l e d  a f t e r  d i m p l i n g .  The 
d r i v e n  head  i n  t h e  l ower  j o i n t  i s  f o l d e d  a round  t h e  edge 
of ' t h e  l ower  s h e e t .  
K a n u f a c t u r e r  E - r i v e t  2 , - joints  2 1  22 24 25 
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28 f i p u r e s  6 a n d  10.-  A d rawing  of t y p e - ?  r i v e t s  submi t -  
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t e d  by m a n u f a c t u r e r  E showed a 780 m a n u f a c t u r e d  h e a d  small- 
e r  i n  d i a m e t e r  a n d  d e p t h  t h a n  t y p e  1, A 1 1  r i v e t s  were 1/8 
i n c h  i n  dia ,meter .  I t  mas s t a t e d  t h a t  a l l  s h e e t s  i n  t h e  
j o i n t  mere a i m p l e d  s i m u l t a n e o u s l y  w i t h  a s c e c i a l  t o o l  i n  a, 
p n e u m a t i c  v i b r a t o r  e x c e p t  i n  t h e  c a s e  of  0.051- a n d  0.064- 
i n c h  s h e e t s ,  which were machine c o u n t e r s u n k .  T h e r e  s h e e t s  
of  t h e s e  t h i c k n e s s e s  mere j o i n e d  t o  t h i n n e r  s h e e t s ,  t h e  
l a t t e r  mere d i n p l e d  by I 1 v i b r n t l n < "  them i n t o  t h e  c o u n t e r -  
sunk r e c e s s  ( t y p e s  24 and  2 8 ) .  The s h e e t s  i n  most of  t h e  
t e n s i l e  spec imens  were u n e q u a l  ix t h i c k n e s s .  The t h i n n e r  
s h e e t  mas a d j a c e n t  t o  t h e  m a n u f a c t u r e d  h e a d  i n  e v e r y  c a s e .  
The r i v e t s  were d r i v e n  w i t 2  a s q u e e z e r .  
Cross  s e c t i o n s  of f o u r  j o i n t s  s u b m i t t e d  by manufac- 
t u r e r  E a r e  shown i n  f i g u r e  l - g ( a ) .  K O  c r a c k s  a r e  v i s i b l e ,  
bu t  when t e n s i l e  t e s t s  were nade  i t  became e v i d e n t  t h a t  
t h e  s h e e t s  of some of t h e  j o i n t s  were c r a c k e d  a t  t h e  r i a  
of t h e  d imple .  O t h e r  s p e c i n e n s ,  ( c )  and  ( e ) ,  f i g u r e  L O ,  
were  examined s u b s e q u e n t l y  a n d  c i r c u m f e r e n t i a l  c r a c k s  
were found .  ( S e e  a l s o  ( d )  a n d  ( f ) ,  f i g .  L O . )  The two 
c r a c k s  shown a r e  p r o b a b l y  t h e  r e s u l t  of  d imp l ing  t b e  s h e e t  
a r o u n d  t o o  s h o r t  a r a d i u s  i n  an  e f f o r t  t o  o b t a i n  a smooth 
f l u s h  s u r f a c e  a t  t h e  r i v e t  h e a d .  
F i g u r e  l o ( % )  shoxs  r a d i a l  c r a c k s  f o u n d  i n  t h e  0.040- 
i n c h  s h e e t  of  a t y ~ e - 2 1  j o i n t  when s e c t i o n e d .  a t  a  y l a n o  
normal  t o  t h e  r i v e t  a x i s  a n d  i n t e r s e c t i n g  t h e  d imple  o n  
t h e  convex s i d e .  The s h e e t  s e c t i o n e d  w a s  a d j a c e n t  t o  t h o  
d r i  vcn head.  
h r l ~ ~ u f c t u x e r F - ~ r i v o  t - l , - Jo i~ t sL l - s~b lZ , -S .&~ur s~  
6  a n d  8.- ?a0 c o u n t e r s u n k  r i v e t s  ( A ~ 4 2 5 - D ,  A i r  Corps  Spec-  
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i f i c a t i o n  25526-8)  mere u s e d .  S h e e t s  l e s s  t h a n  0.102 i n c h  
t h i c k  were d impled  w i t h  punches  h a v i n g  a '78' i n c l u d e d  an-  
g l e  f o r  t h e  s h e e t  a d j a c e n t  t o  t h e  m a n u f a c t u r e d  b e a d ,  a n d  a  
90' a n g l e  f o r  t h e  o t h e r .  The 0 .132- inch  and  0 .125- inch  
s h e e t s  were machine  c o u n t e r s u n k .  The r i v e t s  were d r i v e n  
by a pneumat i c  hammer. 
h I a n u f a c t u r e r  G - r i v e t  1 J o i n t  11 f i D u r e s  6 and  8.-  
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78' r i v e t s  ( ~ 8 4 2 5 ~ ~  a n d  B?T425DD, A i r  Corps  S p e c i f i c a t i o n  
23526-A) mere u s e d  ( f i g .  8 ) .  I t  was s t a t e d  t h a t  t h e  r i v -  
e t  s  were d r i v e n  ( n o t  s q u e e z e d ) ,  p r e sumab ly  by a p n e u m a t i c  
hammer. The d i m p l e s  shown i n  f i q u r e  8  a r e  formed t o  a 
comparat  i v e l y  Long r a d i u s .  
NAF - r i v e t  4 ' i n k s  4 1  2nd 45 f i ~ u r e s  6 a n d  8.- The 
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E a v a l  A i r c r a f t  F a c t o r y  f u r n i s h e d  a drawing  of t h e i r  s e l f -  
d i m p l i n <  r i v e t .  I t  i s  s i m i l a r  t o  t h e  b r a z i e r - h e a d ,  b u t  
h a s  a l a r g e r  f i l l e t  betiveen t h e  head  and  t h e  shank ,  The 
r i v e t  h o l e  i s  d r i l l e d  w i t h  a r a d i u s - c o u n t e r b o r e  d r i l l ,  
v h i c h  f o r n s  t h e  e d ~ e  of t h e  h o l e  t o  f i t  t i i s  f i l l e t .  A 
r e c e s s e d  r i v e t  s e t  ( f i q .  1 2 )  i s  u s e d  at  t h e  d r i v e n  h e a d  
and  a  f l a t  s e t  a t  t h e  n a n u f a c t u r e d  head.  Under t h e  i m -  
p a c t s  of a " o n e - s l ~ o t ' ~  hammer t h e  shank i s  u p s e t ,  t h e  con- 
vex s u r f a c e  of t h e  head  i s  hammered f l u s h  w i t h  t h e  s h e e t ,  
and  t h e  s h e e t s  a r e  d.impled with.  t h e  same t o o l s  a n d  a t  t 2 e  
same t i m e .  T h r e e  blows a r e  r e q u i r e d  f o r  1 /8 - inch  r i v e t s  
and  f i v e  blows f o r  5 /32 - inch  r i v e t s .  
Obj e c t i o n a b l e  " d . i  s h i n < "  of t h e  s h e e t  s u r r o u i d i n g  t h e  
r i v e t  mas e v i d e n t  i n  t h e s e  j o i n t s .  
i - 
- r i v e t  s  5  a n d  rl.-j o O n t  ~-5".,_Z?,-Z2.,-_a2_d-?5;.-fl%- 
u r e s  6 a n d l 1  .- S p e c i s l - o v a l - c o u n t e r s u n 1 : ~ - h e n d  r i v e t s  , t y p e  
7 ,  a n d  b r a z i e r - h e a d  r i v e t s ,  t y ~ e  5 ,  were  u s e d  i n  j o i n t s  
f a b r i c a t e d  a t  t h e  X a t i o n a l  Bureau  of  S t a n d a r d s .  S p e c i f i c a -  
t i o n s  f o r  t h e s e  r i v e t s  a r e  i n c l u d e d  i n  Favy Department  
S p e c i f i c a t i o n  43B5c ( d e s i ~ n n t e d  t y p e s  1 and  2 ,  r e s y e c t i v e -  
l y ,  i n  t h a t  s p e c i f i c a t i o n ) .  The crown of  t h e  t y p e - ?  r i v e t  
h a s  a 1 / 3 2 - i n c h  d e p t h  f o r  a l l  s i z e s  a n d  t k s  i n c l u d e d  a n ~ l e  
of t h e  head  i s  d e c r e a s e d  w i t h  i n c r e a s i n g  d i a m e t e r .  The 
s h e e t  was machine  c o u n t e r s u n k .  
The r i v e t s  were sawed t o  a l e n g t h  e q u a l  t o  t h e  g r i p  
p l u s  a head  a l l o w a n c e  of 1 -1 /4  d i a m e t e r s ,  Two methods  of 
d r i v i n g  were u s e d ,  p r e s s i n g  a n d  hammering, The l o a d  was 
a p p l i e d  t o  t h e  p r e s s - d r i v e n  r i v e t s  i n  a h y d r a . u l i c  t e s t i n g  
machine  ( f i g .  1 3 ) .  The d i a m e t e r  of  t h e  d r i v e n  bead  was 
made 1-1/2 t i m e s  t h e  shznk d i a m e t e r ,  The d r i v i n g  s t r e s s -  
e s  u s e d  mere 1 5 0 , 0 0 0  pounds p e r  s q u a r e  i n c h  f o r  AL7ST a n d  
1 7 5 , 0 0 0  pounds p e r  s q u a r e  i n c h  f o r  l7ST r i v e t s .  TLe d r o p  
hammer ( f i q .  1 4 )  was u s e d  f o r  t h e  hammer-driven r i v e t s .  
F i v e  e q u a l  blows were u s e d  f o r  e a c h  r i v e t .  The h e i g h t  of 
d r o p ,  g i v e n  i n  t a b l e  111, was e x p e r i m e n t a l l y  d e t e r m i n e d  
i n  advance  t o  p r o d u c e  a d i a m e t e r  of d r i v e n  h e a d  1 - l / 2  t i m e s  
t h e  shank  d i a m e t e r .  T h i s  method of haxmer ing  was a d o p t e d  
b e c a u s e  i t  g i v e s  c o n t r o l l a b l e  and  r e p r o d u c i b l e  c o n d i t i o n s  
of  dr iving, .  
TABLE 111. Veigh t  and  F a l l  of P rop  Hammer 
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i R i v e t  d i a m e t e r  Hammer a e i ~ h t  Fa1  1 ( i n . )  (13 . )  ( f t . )  -.-..------------- -------...---------- 
1/8 I 5 1 . 0  
S ~ ~ e c i a l - o v a l - c o u n t e r s u U i 1 ~ r - i 1 e a d  r f v e t s  a r e  a l s o  u s e d  
i n  d impled  s h e e t s ,  a s  s g e c i f i e d  i n  Xava l  A i r c r a f t  F a c t o r y  
P r o c e s s  S p e c i f i c a t i o n  P R - l a  f o r  Sunken a i v e t  C o n s t r u c t i o n  
i n  So t tom P l a t i n g  of Main 3'1-oats. In t h i s  c a s e  t h e  d imple  
i s  o f  such  a d e p t h  t h a t  t h e  t o p  of t h e  m a n u f a c t u r e d  h e a d  
i s  f l u s h  w i t h  t h e  s u r f a c e  of  t h e  s h e e t  o u t s i d e  t h e  d imnle .  
J o i n t s  of  t h i s  t y p e  v e r e  n o t  t e s t e d  i n  t h i s  i n v e s t i g a t i o n .  
A c c o r d i n g  t o  t e s t s  r e p o r t e d  i n  r e f e r e n c e  4 ,  t h i s  c o n s t r u c -  
t i o n  o f f e r s  no hydrodynamic  a d v a n t a g e  o v e r  a  d i m ~ l e d .  o r  
c o u n t e r s u n k  j o i n t  i n  which t h e  cromn o f  t h e  heacl p r o j e c t s  ' 
beyond t h e  a d j a c e n t  s h e e t .  







1 .032 j 50,600 67,900 Subsize-longitudinal 
.040 1 46,200 6P,700 
f .05l i No specimen aoaila~le 
I .064 / 51,800 ' 70,900 
2 1 / Subsize - longitudinal 
-025 I 45,400 I 70,000 I Subsize I 2 1 +3,800 1 67,100 II 1 :$ 1 45,000 , 68,300 1 i I1 I 53,100 , f 71,700 I Subsize - longitudinal 
I 
i 1 .064 44.900 1 67,200 ! ~uosize 
1 / 0 2  1 46.200 i 70,000 22 
,125 I 49,100 70,800 I " II 
G Aiclad / -016 1 42,900 62,200 Submitted with shearing specimens I / 42,400 1 61,900 I 24sT 1 17 I It I' tensile I! I .020 1 42,900 61,600 118-1/2 1 " sheering I1 1 42,100 62,300 i 17-1/2 II " tensile 11 .025 / 43,700 " shearing II 1 43,200 64,800 
.032 44,600 65,600 i 18 
! 41,500 62,500 1 8  I .040, 41,500 €2, 900 ' 19 
63,100 20 
II I' tensile II 
II " sheering II 
11 " tensile II 
II shearing t i  
tt " tensile II 
r 
i / 42,500 , 
! I 
* 
The length of the specimen was tracskerse to the direction of rolling (transversal) unless the 





















































4 .  IKechanical  P r o p e r t i e s  of S h e e t  and  R i v e t  m i r e  
Sa-2ples of t h e  s h e e t  u s e d  i n  t h e  j o i n t s  were s u b m i t t e d  
by most of  t h e  m a n u f a c t u r e r s .  T e n s i l e  spec imens  conform- 
i n g  t o  Type 5 ,  F e d e r a l  S p e c i f i c a t i o n  QQ-1.1-15la f o r  IvSet~,ls - 
G e n e r a l  S p e c i f i c a t i o n  f o r  t h e  I n s p e c t i o n  of - mere machined 
from t h e s e  s amples  and  t e s t e d  m i t h  t h e  r e s u l t s  g i v e n  i n  
t a b l e  IV. The y i e l d  s t r e n g t h  mas d e t e r m i n e d  by t h e  o f f s e t  
method from t h e  s t r e s s - s t r a i n  d iagram u s i n s  a 0.2  p e r c e n t  
s e t .  The t e n s i l e  p r o p e r t i e s  of a l l  t h e  s h e e t s  f o r  which 
samples  mere n v a i l a b l c  compl i ed  m i t h  t h e  r e q u i r e m e n t s  of  
U , S .  Army S p e c i f i c a t i o n  57-152-6 Ty13e I1 and  Xavy Depa r t -  
ment S p e c i f i c a t i o n  4'7R10a, C o n d i t i o n  T ; t h e  t e n s i l e  p r o p e r -  
t i e s  o f ' t h e  A l c l a d  24ST s h e e t s  compl ied  w i t h  t h e  r e q u i r e -  
ments  of U.S. Army A i r  Corps  S g e c i f i c a t i o n  11067 ,  Tyne 11. 
and  Na,vy Department  S p e c i f i c a t i o n  47BSa, C o n d i t i o n  T .  In 
s e v e r a l  i n s t a n c e s  mhere s amples  mere n o t  p r o v i d e d ,  s u b s i z e  
spec imens  were  t e s t e d  h a v i n ~  a  1 - i n c h  g a g e  l e n g t h  a n d . a  r e -  
duced  s e c t i o n  1 / 4  i n c h  wide .  These mere machined from 
s h e a r i n 3  spec imens  of  j o i n t s  which had  been t e s t e d .  These  
r e s u l t s  a r e  a l s o  q i v e n  i n  t a b l e  IV. 
Bend spec imens  conforming  t o  F e d e r a l  S p e c i f i c a t i o n  
QQ-Id-15la p a r .  1 8 %  mere machined  from samples  of a l l  t h e  
s h e e t  u s e d .  The beud p r o p e r t i e s  of a l l  t h e  s h e e t  compl i ed  
m i t h  t h e  r e q u i r e m e n t s  of t h e  s ~ e c i f i o a t i o n s  named above  
u::a.er t e n s i l e  p r o p e r t i e s ,  . . 
TA3LE V. T e n s i l e  P r o p c r t i e s  of m i r e  f rom Vhich 
N3S R i v e t s  were  $.lade 
------ ------A __ T- ---- 
R i v e t  1 I Tez l s i l e  diam- ~ t ~ n : - ~ g t  h .  s t r e n g t h  e t e r  1 ( i n . )  ( l b . / s q . i n .  )l b / s c l . i n . )  
------- -- --------------- ILL-L ----- -------,-- 
E l o n ~ a -  
t i o n  
i n  4 d  
( p e r c e n t )  
T e n s i l e  and  bend spec imens  of t h e  a luminum-al loy  w i r e  
f rom which t h e  t y p e s  5 and  7 NBS r i v e t s  were  made, mere 
t e s t e d .  The r e s u l t s  f o r  t h e  t e n s i l e  s p e c i a e n s ,  g i v e n  i n  
t a b l e  V, compl ied  w i t h  t h e  r e q u i r e m e n t s  of Navy Depar tment  
S p e c i f i c a t i o n  43R5c. The bend spec imens  a l s o  compl i ed .  
Samples  of w i r e  r e p r e s e n t i n g  t h e  r i v e t s  u s e d  by t h e  
m a n u f a c t u r e r s  were  n o t  a v a i l a b l e .  
5 .  Diameter  of Dr iven  Heads 
The d i a m e t e r  of t h e  d r i v e n  h e a d  was measured \on e a c h  
of t h e  j o i n t s  s u b m i t t e d  by t h e  m a n u f a c t u r e r s  t o  d e t e r m i n e  
v h a t  d i a m e t e r  w a s  c o n s i d e r e d  a d e q u a t e  by n a n u f m c t u r e r s  and  
t o  a i d  i n  i n t e r p r e t i n 5  t h e  r e s u l t s  of t h e  t e n s i l e  t e s t .  
The minimum, a v e r a g e ,  and  maximum d i a m e t e r ,  e x p r e s s e d  a s  a  
m u l t i p l e  of t h e  nomina l  shank  d i a m e t e r  i s  g i v e n  i n  t a b l e  
VI ( p .  1 6 )  f o r  e a c h  s i z e  o f  r i v e t  u s e d  by e a c h  manufact-ur-  
c r .  
The s h e a r i n g  a n d  t e n s i l e  spec imens  were l o a d e d  t o  
f r a c t u r e  a s  shown i n  f i g u r e s  4 and  5 ,  r e s p e c t i v e l y ,  a n d  t h e  
maximum l o a d  was d .e termined.  F o r  e a c h  combina t ion  of s h e e t  
t h i c k n e s s  and. r i v e t  d i a m e t e r  i n  t h e  j o i n t s  s u b m i t t e d  by t h e  
m a n u f a c t u r e r s ,  t h r e e  o r  f o u r  l i k e  spec imens  mere t e s t e d .  
Fo r  e a c h  such  c o m b i n a t i o n  i n  WBS j o i n t s ,  1 5  spec imens  were 
t e s t e d ,  namely ,  1 u s i n g  each  b f  t h r e e  s 5 e e t  m a t e r i a l s  
(24ST,  24SRT, A l c l a d  2 4 s ~ )  i n  each  of  t h e  f o l l o m i n q  f i v e  
q r o u p s :  17ST r i v e t s ,  t y p e  7 ,  p r e s s - d r i v e n ;  A17ST ~ i v e t s ,  
$ t y p e  7 ,  p r e s s - d r i v e n  a n d  hammer-dr iven;  .Al7ST r i v e t s  , t y p e  






























































I V .  TIESULTS 
1. G e n e r a l  
The s t r e n g t h  of t h e  s i n g l e - s h e a r i n g ,  d o u 3 l e - s h e a r i ~ 1 9 ,  
and  t a n ? ' l l a  spec imens  i s  p l o t t e d  ( u p p e r  s e r i e s  of  p o i n t s )  
a g a i n s t  t h e  d / t  r a t i o  in f i g - u r e s  1 5  t o  3 8 ,  i n c l u s i v e .  
The s h e a r i n g  s t r e s s  a t  f a i l u r e ,  S s ,  was computed by 
d i v i d i n g  t h e  nnximum l o a d  P by t h e  nomina l  c r o  s s - s e c t i o n -  
nl a r e a  of t h e  r i v e t  f o r  t h e  s i n g l e - s h e a r i n g  spec imens  and  





's - rrds f o r  s i n g l e - s h e a r i n g  spec imens  
Ss - --- 2P2 f o r  d o u b i e - s k e n r i n c  specirilens 
TT d 
The t e n s i l e  s t r e s s  a t  f n i l u r e  mas computed f o r  t h e  t e n s i l a  
spec imens  by d iv id i2 ! ;  t h e  maximum l o a d  - ~ y  t h e  nomina l  ci-oss- 
s e c t i o n a l  a r e 2  o f  t h e  r i v e t .  I-r, c o n y u t i n g  t h e  d . / t  r a t i o ,  
t h e  a v e r p g e  of t'ze n e a s u r e d  t 3 i c k n e s s e s  of  b o t h  s h e e t s  was 
u s e d  f o r  t h e  s i n g l e - s h e a r i n ?  a n d  t e r s i l e  J o i n t s  e x c e p t  
where t h e  two s 3 e e t s  mere n o t  of t h e  same nomina l  t h i c k -  
n e s s  ( t y p e s  21 ,  2 2 ,  a n d  2 4 ) .  I n  t 5 . s  c a s e  t h e  l e s s e r  
t h i c k n e s s  was u s e d .  E i t h e r  t h e  a v e r a < e  t!hiclrness of  t h e  
ou t .e r  s ' nae t s  of t k c  d o u b l e - s h e a r i n g  j o i n t s  o r  b a l f  t h e  
t h i c k n e s s  of t h e  i n g e r  s h e e t ,  w3 icheve r  was t2ie l e s s e r ,  
( t m i n ) ,  mas u s e d .  
The b e a r i n $  s t r e s s  a t  f a i l u r e  may b e  e s t i n a t e d  f rom 
t h e  c u r v e s  s?2owq i n  t l e  p l o t s  of  s h e a r i n ;  s t r e n g t h .  These  
c u r v e s  a r e  d r a v n  f o r  c o n s t a n t  v a l u e s  of b e a r i n g  s t r e s s :  
- P 
S b  - f o r  s i n . < l e - s h e a r i n g  s p e c i n e n s  
D Sb = -A-- f o r  d o u b l e - s 3 e a r i n g  spec imens  
2d tmin  
They mere c a l c u l a t e d .  by e l i n i n a t i n g  P f rom ( 1 )  a n d  ( 2 )  so 
t h a t  
Tr d  Sb = - ---- i Ss f o r  d o u b l e - s h e a r i n g  specimens ! 
4 tairi i 
The l o v e r  s e r i e s  of p o i n t s  i n  f i ~ u r e s  1 5  t o  38 i n d i -  
c a t e s  t h e  r i v e t  d i a m e t e r  (number  = d i a n e t e r  i n  t h i r t y -  
s e c o n d s  of  an  i n c h )  a n d  t h e  t ~ ~ p e  of f a i l u r e .   or ~ e a n i n g  
of symbo l s ,  s e e  t a b l e  V I I  (? .  1 9 ) .  Each p o i n t  i n  t h e  l o v e r  
s e r i e s  c o r r e s p o n d s  t o  n p o i n t  i n  t h e  u p p e r  s e r i e s  p l o t t e d  
d i r e c t l y  above  i t .  Cor re spond ing  p o i n t s  i n  t h e  two s e r i e s  
can  be  i d e n t i f i e d  by t h e  s i n i l a r i t y  of  t h e i r  p o s i t i o n  w i t h  
r e s p e c t  t o  o t h e r  p o i n t s .  F o r  example ,  i n  f i g u r e  1 5  t h e  
s i n g l e - s h e a r i n g  spec imen h a v i n g  t h e  < r e a t e s t  s t r e n g t h  i s  
one of a g r o u p  of  t h r e e  whose d / t  r a t i o  ( a b s c i s s a )  i s  
1 . 5 .  The o r d i n a t e  of t h i s  p o i n t  i s  S, = 4 7 , 5 0 0  pounds p e r  
s q u a r e  i n c h .  I n t e r p o l a t i o n  S e t n e e n  t h e  c u r v e s  S j  = 40 ,000  
and  6 0 , 0 0 0  pounds p e r  s q u a r e  i n c h ,  shows t h e  b e a r i n g  s t r e s s  
a t  f a i l u r e  t o  be a b o u t  55 ,200  pounds g e r  s q u a r e  i n c h .  The 
h i g h e s t  p o i n t  i n  t h e  l o v e r  s e r i e s  s h o a s  t h a t  t h e  r i v e t  di- 
m e t e r  f o r  t h i s  specimen was 6 /32  o r  3/16 i n c h ,  a n d  t h e  
spec imen f a i l e d  by t y p e  j ,  x h i c h  i s  s h e n r i n g  of t h e  r i v e t  
shank  ( f rom t n b l e  TIT). 
Thc V i c k c r s  number mns d e t e r m i n e d  on t h e  m a n u f a c t u r c d  
hend of some of  t b e  r i v e t s  u s e d  3y m a n u f a c t u r e r  F t o  d e t e r -  
mine whe the r  t h e  s i x  r i v e t s  i n  t h e  t ype -12  j o i n t s  which bad 
l o a  s t r e n g t h s  ( d / t  = 1 . 5 ,  t h r e e  s i n < l e - s h e a r i n s  and  t h r e e  
t z n s i l e ,  f i s .  2 4 )  a l s o  had  lorn V i c k e r s  number. The V i c k e r s  
number of t h e s e  s i x  r i v e t s  lvns found  t o  be a p p r e c i a b l y  lower  
t h a n  t h e  V i c k e r s  number .of  t h e  o t h e r  r i v e t s  u s e d  by manufzc- 
t u r e r  F .  T h i s  mny be i n d i c a t i v e  of a r i v e t  a l . l oy  o t h e r  t hnn  
17ST,  o r  of  i m p r o p e r  h e a t  t r e a t m e n t  of t h e s e  s i x  r i v e t s .  
T y p i c a l  f a i l u r e s  of s h e a r i n g  and  t e n s i l e  j o i n t s  a r e  
shown i n  f i g u r e  39 .  When c o n p a r i n g  t h e  s t r e n s t h s  of d i f -  
f e r e n t  t y s e s  of j o i n t s ,  i t  s h o u l d  be remembered t h a t  
(a) The same a l l o y s  were  n o t  u s e d  i n  3-11 j o i n t s ,  
( b )  The r a n g e  of d / t  i s  n o t  t h e  same f o r  a l l  g r o u p s ,  
a l t h o u g h  i n  most c a s e s  t h e  rcin<es o v e r l a p  e a c h  o t h e r ,  
( c )  The p l o t t e d  r e s u l t s  e x h i b i t  c o n s i d e r a b l e  s c a t t e r  
i n  some c a s e s ,  a n d  
( d )  The t r e n d  of c u r v e s  r e p r e s e n t i n g  t h e  s t r e n g t h  of 
d i f f e r e n t  t y p e s  of  j o i n t s  may be d i f f e r e n t .  
TASLE V I I .  Types of F z i l u r e  
L e t t e r  Meanine; 
a .  R i v e t  c a n t e d  a p p r e c i a b l y  i n  d i r e c t i o n  of l o a d -  
ing,. 
I danufac tu red  h e a d  p u l l e d  t h r o u g h  s h e e t .  
D r i v e n  head p u l l e d  t h r o u q h  s h e e t .  
e .  1 S h e e t  t o r e  a t  d r i v e n  head.  
d. 
I n n e r  s h e e t  t o r e  ( d o u b l e - s h e a r i n g  j o i n t s ) .  
One s h e e t  r u p t u r e d  a t  c i r c u m f e r e n c e  o f  d imple .  
S h e e t  t o r e  a t  m a n u f a c t u r e d  'head. 
5 .  1 X i v e t  shank s h e a r e d .  
h . 
i. 
k. R i v e t  shank  c r u s h e d ,  u l t i m a t e l y  f n i l e d  by s h e a r -  I i n g .  
P a r t  o r  a l l  of m a n u f a c t u r e d  head  s h e a r e d  f rom 
sX~:nk. 
P a r t  o r  a l l  of d r i v e n  head  s h e a r e d  from shank .  
R i v e t  h o l e  i n  a n  o u t e r  s h e e t  e l o n g a t e d ,  shank  
c a n t e d  and  f a i l e d  w i t h  j a q g e d  t e a r i n s  f r a c -  
t u r e  u n d e r  combined s h e a r i n ? ,  t e n s i l e ,  bend- 
i n g ,  a n d  b e a r i n g  s t r e s s e s .  
2 .  S i n g l e  S h e a r i n g  
m.  
F i g u r e  40 i s  a d iagram s u m m a r i z i n ~  t h e  t e s t  r e s u l t s  
f o r  a l l  s i n g l e - s h e a r i n g  spec imens ,  Average  s t r e n s t h s  f o r  
l i k e  spec imens  were  u s e d  i n  p l o t t i n $  t h i s  d iagram.  The 
l i n e s  i n d i c a t e  f o r  a  g i v e n  d / t  r a t i o ,  t h e  u p p e r  a n d  l o w e r  
l i m i t s  of t h e  s h e a r i n s  and  b e a r i n s  s t r e s s e s  a t  u l t i m a t e  
l o a d  f o r  each  c l a s s  of j o i n t .  Fo r  s i m p l i c i t y ,  a l l  t y p e s  of 
d i m p l e d  j o i n t s  a r e  q r o u p e d  t o q e t h e r  i n  one  c l a s s .  
The l i n e s  d e s i g n a t e d  by numbers i n  f i g u r e  40 may b e  i n -  
t e r p r e t e d  a s  f o l l o w s :  
R i v e t  shank  f a i l e d  w i t h  t e n s i l e  f r a c t u r e .  
(1) D e s i 4 n a t e s  s c z t t e r e d  g o i n t s  which a p p e a r  anomo- 
l o u s  f o r  no o b v i o u s  r e a s o n ,  G e n e r a l l y  t h e  r a n % e  o f  d / t  
mas t o o  l i m i t e d  t o  e s t a b l i s h  t h e  t r e n d  of  a l i n e  r e p r e -  
s e n t i n g  t h e s e  g o i n t s .  
2 A h o r i z o n t a l  l i n e  i n d i c a t e s  t k z t  t h e  s h e a r i n g  
s t r e s s  i s  c r i t i c a l  and  shows t h e  r a n g e  o f  d / t  f o r  maxi- 
mu1 u l t i m a t e  s h e a r i n g  s t r e s s .  
( 3 )  A v e r t i c z l  l i a e  i n d i c a t e s  t h a t  t h e  b e a r i n g  s t r e s s  
i s  c r i t i c a l  and  shoms t h e  r a n g e  of d / t  ?o r  maxiuum u l t i -  
mate b e a r i n ,  s t r e s s .  
( 4 )  A l i 2 e  s h o m i n ~  d e c r e a s i n g  u l t i m a t e  s h e a r i a g  
s t r e s s  n i t 5  i n c r e a s i n g  u l t i m ~ ~ t e  b e a r i n g  s t r e s s  i n d i c a t e s  
t h a t  b o t h  s h e a r i n g  and  S e a r i n g  s t r e s s e s  ?.re c r i t i c ? ] - .  I n  
t h i s  t r n n s i t i o n a l  ra,nqe of d / t  n e i t h e r  t k e  u l t i m a t e  
s h e n r i n q  s t r e s s  i n  t h e  r i v e t  n o r  t h e  u l t i m a t e  b e a r i n 5  
s t r e s s  i n  t h e  s h e e t  a t t a i n s  i t s  maximum o o s s i b l c  v a l n e .  
( 5 )  A l i n e  sbominq' d o c r e a s i n 3  u l t l m a t c  b e a r i n g  s t r e s s  
w i t h  i n c r e a s i n g  d / t  r a t i o  a t  t k e  { r c a t c r  v a l u e s  o f  d / t  
? r o b a b l y  r e f l c c t s  S u c k l i n g  o f  t h e  s i e c t  3 e f o r e  t e a r i n g  
f n i l u r e  o c c u r s .  
( 6 )  A l i n e  showing d e c r e a s i n < <  u l t i m a t e  b e a r i n s  s t r e s s  
w i t h  d e c r e a s i n g  d / t  r a t i o  f o r  d i n p l e d  spec imens  g r o b a b l y  
r e f l e c t s  t 5 e  d e c r e a s i n c  ":<eying e f f e c t "  of  t h e  d imple  f o r  
j o i n t s  employinq s e l f - d i m p l i n s  r i v e t s  ( t y p e s  3 1  and  5 1 )  as  
d / t  i s  d e c r e a s e d  belorn a c r i t i c a l  v a l u e .  The d imple  t e n d s  
t o  become s h a l l o ~ e r  a s  d / t  i n  decrea.sed.  
The l i n e s  d e s c r i b e d  u a d e r  ( 5 )  and  ( 6 )  above a r e  r a t h -  
e r  d o u b t f u l l y  d e f i n e d  by t h e  d a t a ,  b e c a u s e  t h e y  s t a n d  a t  
t h e  e x t r e m e s  of t h e  a v a i l a b l e  r a n g e  of  d / t  r a t i o s .  I t  
i s  p o s s i b l e  t h a t  a n  e x t e n s i o n  o f  t h e  r a n g e  of d / t  r a t i o s  
i n v e s t i g a t e d  would a l t e r  t h e  p i c t u r e  i n  t h i s  r e s p e c t ,  b u t  
such  ex t r eme  v a l u e s  of d / t  a r e  of  l i t t l e  p r a c t i c a l  i m -  
p o r t a n c e .  
A t r e n d  of  v a r i a t i o n  w i t h  r e s p e c t  t o  d / t  i s  e v i d e n t  
i n  t h e  t y ? e  of f a i l u r e  a s  w e l l  8 s  t h e  s t r e n g t h  of t h e  dim- 
p l e d  j o i n t s ,  a s  f o l l o w s :  
d f t  r a t i o  
.- -- -----.-.- I i h t u r e  of FFzi l u r e s  ( _tqfi-?.~Q 
L e s s  t h a n  2.8 R i v a t  f a i l u r e  ( t g p a  j ) c x c l u - s i v s l y  . 
2.3 - 4.9 
( a b o u t  6 0  p e r -  
c e n t  of t h e  
d implod  j o i n t s  
t e s t e d .  f a l l  in 
t h i s  r ~ ~ n g e )  
1 T r a n s i t i o n a l  b e t n c c n  r i v c t  a n d  s i c r t  
f r t i l u r o :  
Pl  is7pc j ( w i t h  s ,  d ,  o r  c  i n  s o a c  
c a s e s ) ,  a a r t i c u l n r l y  i n  l o w e r  p z r t  
o f  r n n q e .  
Type b o r  c ~ ~ i t h  d. ,  c  o r  3 0 t h  nnd 
;'onerrill;lr 2 ,  p n r t i c - u l - n r l y  i n  t h e  
u73er pa r t  of  t h c  r n n q c .  
A I e a  t y ~ c  4 n i t 5  a  2 n c l  d  o r  e  (mnn- 
u f n c t a r e r  G o n l y ) .  
- --- -------------------.- 
G r e n t c r  t h a n  4 . 9  S h e e t  f - i l u r c .  
J e n r l y  a 1 1  t y p e  b o r  c ,  a i t h  d ,  e ,  
o r  b o t h ,  2nd S e n e r 3 L l g  a. 
A fc1.v t g g e  e  2nd t : , ~ e  5 t n t h  a Tuna 
d o r  o ( m a n u f a c t u r e r  G o n l y ) ,  
I t  i s  t o  be c o t e d  t h a t  t h e  v - l u e s  bounding t h e  ~ b o v e  
t h r c e  re-tnpes of d / t  r a t i o  c o r r e s p o % d  c l o s e l y  t o  t h e  vrbl-  
u e s  at v h i c h  t h e  l i n e s  ( 2 ) ,  ( 3 ) ,  a n d  ( 4 )  f o r  dimpled j o i n t s  
j o i n  each  o t h e r  i n  f i 2 u r e  40. Bp c o n s i d e r i n s  t o g e t h e r  t h e  
dependance  of  s t r e n g t h  o n  d . / t  r a t i o ,  a c c o r d i n s  t o  f i T u r e  
40,  and of  f a i l u r e  t y p e  on d / t  r a t i o ,  accord- ine  t o  t h e  
p r e c e d i n s  t a b u l a t i o n ,  =nd r e g a r d i n g  th5.s l a t t e r  q u a n t i t y  
a s  a p a r a m e t e r ,  t h e  r e l a t i o n s h i p  of  s t r e n g t h  t o  f a i l u r e  
t y p e  may e a s i l y  be s e e n .  
F i ~ u r e  4 1  shows,  on a d i ag ram s imi la r  t o  f i 5 u r e  4 0 ,  
t h e  d e t a i l e d  compar i son  among d implea  r i v e t s  Setween t h e  
v a r i o u s  m a n u f a c t u r i n g  t ec ' ? ln iques  and. r i v e t  t y p e s ,  Each 
l i n e  on f i g u r e  4 1  i s  t o  be i n t e r p r e t e d  i n  s i m i l a r  manner t o  
t h o s e  on f i s u r e  40. 
An e x a m i n a t i o n  o l  t h e  r e s u l t s  f o r  t h e  single-shear in^ 
spec imens  d i s c l - o s e s  t h e  f o l l o w i n g  s i g n i f i c a n t  p o i n t s :  
The c r i t i c a l  shea r ine ;  s t r e s s  f o r  p r o t r u d i n g - h e a d  r i v -  
e t s  i s  t h e  same as  f o r  mach ine -coun te r sunk  r i v e t s  o f  t h e  
same a l k o y ,  bu t  f o r  t 2 e  f o r m e r ,  t h e  c r i t i c a l  b e a r i n g  s t r e s s  
and  t h e  d / t  r a t i o  a t  wbich b e a r i n g  s t r e s s  becomes c r i t i -  
c a l  a r e  h i g h e r .  The s c a t t e r  of t h e  r e s u l t s  on t h e s e  j o i n t s  
i s  p a r t l y  d u e A t o  d i f f e r e n c e s  i n  s h e e t  m a t e r i a l ;  when s h e a r -  
i n 3  s t r e s s e s  a r e  c r i t i c a , l ,  j o i n t s  i n  a l c l a d  m a t e r i a l  a r e  
s l i g h t l y  s t r o n ~ e r  t h a n  j o i n t s  F11 24ST a n d  24SRT, a n d  v i c e  
v e r s a  when b e n r i n y  s t r e s s e s  a r e  c r i t i c a l .  Mo s i g n i f i c a n t  
d i f f e r e n c e  cnn be  found  i n  t h e  d a t a  between p r e s s - d r i v e n  
and  hammer-driven r i v e t s .  
I n  some c a s e s  d impled  r i v e t s  had n e a r l y  t w i c e  t h e  
s h e a r i n g  and  b e a r i n s  s t r e n ~ t h  of  b r a z i e r  a n d  c o u n t e r s u n k  
r i v e t s .  F i g u r e  4 1  shows t h a t  i n  s e n e r a 1  t h e  j o i n t s  of 
m a n u f a c t u r e r  G ( t y p e - 1 1 )  had t h e  g r e a t e s t  s t r e n g t 3 ,  znd 
t h a t  t h e  d i f f e r e n c e  between r e s u l t s  ( f o r  type-11  j o i n t s )  
from d i f f e r e n t  m a n u f a c t u r e r s  i s  c o n s i d e r a b l e .  Bo conc lu -  
s i v e  e x p l a n a t i o n  of  t h i s  d i f f e r e n c e  can be g i v e n ,  b u t  n 
compar i son  of t h e  p h o t ~ m a c r o g r ~ p h s  ( f i g .  8 )  of t h e  t ype -  
11 j o i n t s  h a v i n g  t h e  ; r e a t e s t  s t r e n g t h  ( D  a ~ d  G )  and  t h e  
o t h e r s  (B a n d  F )  shovs  t h n t  i n  t h e  f o r m e r  t h e  s h e e t s  
conform more c l o s e l y  t o  e a c 5  o t h e r  and  t o  t h c  r i v e t ,  w i t h  
l i t t l c  o r  no v o i d  %et.ipc>en t'nem a11d 7 ~ r e a t e r  p o r t i o n  of 
t h e  m a n u f a c t u r e d  head  i n  c o n t a c t  w i t h  t h e  s h e e t .  The t e s t  
r e s u l t s  f o r  t ype -11  j o i n t s  ( ? i s .  2 5 )  show no s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e ,  s h e a r i n g  s t r e n g t h  of d impled  j o t  n t  s em- 
p l o y i n ;  A17ST a n d  24ST r i v e t  s ,  r e s p e c t i v e l y .  These c o n s i d -  
e r a t i o n s  s u p p o r t  t h e  c o n c l u s i o n  t h a t  d e t a i l s  of d e s i s n  a n d  
t e c h n i q u e  of  f a b r i c a t i o n  predominr . te  i n  d e t e r m i n i n g  t h e  
s t r e n g t h  of a d impled  j o i n t .  
Over a l i m i t e d  ran.;e of d / t  t h e  t gpe -41  j o i n t s  were  
n p ? r o x i m a t e l y  e q u a l  t o  t h e  S e s t  t ype -11  j o i n t s  i n  s t r e n g t h ;  
t h o  r e s u l t s  f o r  t h e  type-41  j o i n t s  mere u n u s u a l l y  c o n s i s t -  
e n t .  
3.  T e n s i l e  
A Sener2. l  c l a s s i f i c n t i o n  w i t h  r e s u e c t  t o  p r i n c i p z l  
t y p e s  of f a i l u r e ,  s i m i l a r  t o  t h n t  made f o r  s i n $ l e - s h e a r i n s  
j o i n t s ,  may a l s o  be made f o r  t h e  t e n s i l e  j o i n t s  as  f o l -  
lows : 
dLt r a t i o  
- ------- _ _ _ _ _ _ _ _ _ _ _  Natu re  of  F a i l u r e s  __-_ _ .___. l s e e  __ _____ t a b l e  _ ____ V I I )  __
L e s s  t h a n  2 . 1  R i v c t  f a i l u r o  e x c l u s i v e l y :  
A few t y p e  m a t  t h e  l e a s t  v a l u e s  
of  d / t  r a t i o  (XSS o n l y ) .  
T r n n s i t i o n n l  b e t n e e n  r i v e t  3nd s h e e t  
f  n i l u - r e s  : 
Type 3 o r  dh ( o a e  t y p e  i ,  manufac- 
t u r e r  B ) .  
I Type 3,  o r  bd w i t 3  o r  w i t h o u t  3 o r  h .  
Some ty;e c ,  o r  ce  w i t h  o r  a i t h o u t  
P; or  h .  
A fcro t y p e  '5. 
---- --------p- "-- 
G r e a t e r  t h a n  4 . 0  S l ~ e c t  f a i l u r e  e x c l u s i v e l y  : 
Ty9e bd o r  ce  v i t k  o r  s i t h o u t  5 .  
Type g w i t h  o r  a i t h o u t  d  o r  e .  
Fo r  t e n s i l e  j o i n t s ,  t l e s e  t h r e e  c l a s s e s  do n o t  c o r r e -  
spond t o  any well-rcarked t r e n d s  of t h e  n l o t t c d  d a t a .  No 
q u a n t i t a t i v e  c r i  t e r i a  a r e  knovn,  :Lnalo<ous t o  s h e a r i n g  
s t r e s s  ( f o r  r i v e t  failure) 2nd b c l r i n q  s t r e s s  ( f o r  s h e e t  
f a i l u r e )  i n  the c a s e  o f  s 3 e a r i n g  j o i n t s ,  t o  .which c r i t i c a l  
v a l u c s  d e f i n i n ' <  t 3 e  t e n s i l e  s t r e n q t h  of a j o i n t  mag be a s -  
s i s n e d .  
The  s t r e s s  which i s  a c t u a l l y  c r i t i c a l  f o r  r i v e t  f a i l -  
u r e  ( e x c e p t  t y p e  m ,  t e n s l l e  shank  f a i l u r e )  i s  a combined 
b e n d i n g  a n d  s h e a r i n g  s t r e s s  on a  c y l i n d r i c a l  s u r f a c e ,  which 
i s  t h e  p r o j e c t i o n  i n t o  t h e  h e a d  of  t h e  l a t e r a l  s u r f a c e  of 
t h e  shank .  
Fo r  s h e e t  f a i l u r e ,  t h e  s t r e s s  ~ v h i c h  i s  a . c t u a l l y  c r i t -  
i c a l  i s  e i t h e r  a  hoop s t r e s s  a round  t h e  e d g e  of  t h e  h o l e ,  
o r ,  f o r  some d impled  J o i n t s ,  a combined s k e a r i n g  a n d  bend- 
i n g  s t r e s s  a t  t h e  most s h a r p l y  cu rved  s e c t i o n  of  t h e  d imple .  
Up t o  a d / t  r a t i o  of a b o u t  4 ,  t y p e - 4 1  j o i n t s  h a d  t h e  
g r c n t e s t  t e n s i l e  s t r e n g t h ;  f o r  d / t  r a t i o s  above  4 ,  t y p o -  
31 j o i n t s  !?ere s t r o n q e r .  Types-21 and 24 j o i n t s  had  t 3 e  
l e a s t  t e n s i l e .  s t r e n ~ t h .  
The l o n  t e n s i l e  s t r e n ~ t h  of some of  t h e  t y p e - 2 1  and. 
24 j o i n t s  mas d e f i n i t e l y  i d e n t i f i e d  v i t h  t h e  c r a c k s  i n  t h e  
s h e e t  a t  t h e  r i m  of t h e  d i m ? l e ,  shown i n  f i g u r e  1 0 ( d )  e :~d  
( f ) .  I n  t y p e  g f a i l u r e s  t h e  f r a c t u r e s  o c c u r r e d  a t  t h e  l o -  
c a t i o n  where c r a c k s  were f o u n d  i n  some of  t h e  j o i n t s .  Bovr- 
e v e r ,  i t  i s  i m p r o b a b l e  t h a t  a l l  o f  t h e  j o i n t s  f a i l i n g  by 
t y p e - <  had  c r a c k s .  Type-g f a i l u r e  v a s  n o t  c o n f i n e d  t o  
t y p e s - 2 1  a.nd 24 j o i n t s  on ly .  
A t  t h e  h i g h e r  v a l u e s  of d / t  many o f  t h e  j o i n t s  
f a i l e d  by p u l l i n g  t h e  d r i v e n  h e a d  t h r o u g h  t h e  s h e e t ,  b u t  
i t  i s  n o t  b e l i e v e d  t h a t  i n  many c a s e s  t h e  t e n s i l e  s t r e n g t h  
would be i n c r e a s e d  a p p r e c i a b l y  by i n c r e a s i n g  t h e  d r i v e n -  
h e a d  d i a m e t e r  ( s i v e n  i n  t a b l e  TI) b e c a u s e  t e a r i n g  of  t h e  
s h e e t  commenced u n d e r n e a t h  t h e  head  a t  t h e  e d < e  of  t h e  h o l e .  
4.  Double S h e a r i n g  
Fewer t y g e s  of doubl e-shear in^; spec imezs  tvere submi t -  
t e d  t h a n  v e r e  t y p e s  of s i n s l e - s h e a r i n g  and t e n s i l e  s p e c i m e n s ,  
and t h e  r a n g e  of d / t  c o v e r e d  by each  t y p e  n a s  g e n e r a l l y ,  
l e s s .  C o n s e q u e n t l y ,  a c l a s s i f i c a t i o n  o f  f a i l u r e  t y p e s ,  
l i k e  t h o s e  xade  i n  s e c t i o n s  2 and  3 a b o v e ,  i s  more d i q f i -  
c u l t .  B i v e t  f a i l u r e  ( t y ~ e  j )  e x c l u s i v e l y  o c c u r r e d  mhen 
d / t  was l e s s  t h a n  3 . 6  and  t r a n s i t i o n a l  f a i l u r e s  ( t y p e s  k  
and  t ,  mingled  m i t h  t y g e  j a n d  m i t h  t y p e  b )  o c c u r r e d  mhen 
. d  
- = 3 . 6  - 6 . 8 .  No spec imens  h a v i n g  a  d / t  r a t i o  ~ r e a t e r  
t h a n  6 . 8  were t e s t e d .  
F o r  mach ine -coun te r sunk  j o i n t s  ( n a n u f a c t u r e r s  A a n d  
M ~ S )  t h e  u l t i m e t e  s h e a r i n g  and. b e a r i n g  s t r e s s e a  had  a b o u t  
t h e  same r e l a t i o n  t o  d / t  r a t i o  a s  f o r  t h e  s i n g l e  s h e a r -  
i n g  j o i n t s  of t h e s e  m a n u f a c t u r e r s .  F o r  s e l f - d i m p l i n g  r i v -  
e t s  ( m t 2 n u f a c t u r e r s  C a n d  N A Y )  t b c  u l t i m a t e  s h e a r i n g  s t r e s s  
was 1 ower t h a n  f o r  comparable  s i n g l e - s h e a r i n ?  j o i n t s .  Prob- 
a b l y  t h i s  e f f e c t  mny be a s c r i b e d  t o  t h e  l o n s e r  ? r i p  i n  
d o u b l e - s h e a r i n 2  z o i n t s  a s  compared t o  s i n g l e - s h e a r i n s  
j o i n t s  of  t h e  same d / t  r a t i o ,  n h i c h  r e s u l t s  i n  n sha l low-  
e r  d i m p l e .  No d o u b l e - s h e a r i n g  j o i n t s  mere s u b m i t t e d  v h i c h  
would show n h e t k e r  t h e  : r ea t  s u s e r i o r i t y  of some d impled  
s i n g l e - s h e a r i n g  j o i n t s  o v e r  mach ine -coun te r sunk  j o i n t s  
c o u l d  be d u p l i c a t e d  f o r  d o u b l e - s h e a r i n q  j o i a t s .  
The tyye-45  j o i n t s  a n d  t h e  type-66 j o i n t s  h a v i n s  24ST 
r i v e t s  had  t h e  g r e a t e s t  s t r e n s t h  of a l l  d o u b l e - s h e a r i n g  
j o i n t s  s u b m i t t e d .  
V. CONCLUSION 
The n e c h a n i c s l  p r o ~ e r t i e s  of  n j o i n t ,  i t s  s u r f a c e  
s m o o t h n e s s ,  t h c  o c c u r r e n c e  of c r a c k s ,  a n d  t h e  c o s t  of  p ro-  
d u c t i o n  a r e  a l l  d e t e r m i n i n g  f a c t o r s  i n  s e l e c t i n g  a f l u s h -  
r i v e t e d  j o i n t .  The i m p o r t a n c e  of each  of  t h e s e  i n t e r r e l n t -  
ed  f a c t o r s  must be d e c i d e d  by  t h e  m a n u f a c t u r e r  f o r  e a c h  
p a r t i c u l a r  a p c l i c a t i o n .  F o r  t h i s  r e a s o n ,  i t  seems imprac-  
t i c a b l e  t o  r a t e  i n d i v i d u a l  t y p e s  o r  t o  nake  a g e n e r a l  s t a t e d  
ment r e q n r d i n g  t h e i r  m e r i t s .  
Concern ing  t h e  s t r e n g t h  of f  l u s h - r i v e t e d  j o i n t s  i n  
a luminum-a l loy ,  t h e  f o l l o w i n g  c o n c l u s i o n s  may be drawn 
from d a t a  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n :  
The optimum v a l u e  of  d / t  r a t i o  was t h e  h i s h e s t  va-1- 
u e  f o r  which s h e a r i n g  s t r e s s  % l o n e  i s  c r i t i c a l ,  u n l e s s  a  
h i g h  t e n s i l e  s t r e n g t h  i s  i m p o r t a n t ,  i n  which c a s e  a some- 
what l o w e r  d / t  r a t i o  may be i n d i c a t e d .  A p ~ r o x i m a t e  av- 
e r a g e  v z l u e s  f o r  t h e  optimem d / t  r a t i o ,  n e g l e c t i n g  t e n -  
s t i l e  s t r e n s t h ,  were as f o l l o m s :  
C l a s s  of j o i n t  
------LC ----__-___ __ 
S i  XI g l e - s h e a r i n g  rnac3ine co.untersu-nk 2 .1  
S i n g l e - s h e a r i n g  d impled  
S i n y l e - s h e a r i n g  p r o t r u d i n %  ( b r a z i e r )  h e a d  
A t  d / t  r a t i o s  below 2 . 1 ,  mnch ioe -coun te r sunk  j o i n t s  
had  a p p r o x i m a t e l y  t h e  same s 2 e a r i n g  s t r e i ~ ~ t h  a s  b r a z i e r -  
h e a d  r i v e t e d  j o i n t s .  T h i s  s t r e n g t l i  mas s l i ~ ; h t l y  ?:igher 
f o r  j o i n t s  i n  a l c l a d  s h e e t  t h a n  f o r  j o i n t s  i n  o t h e r  s h e e t s  
of t h e  same a l l o y .  A l t5ough  d i n p l e d  j o i n t s  of d i f f e r e n t  
d e s i s n s  from d i f  T e r e n t  m a n u f a c t u r e r s  s5omed wide v a r i a -  
t i o n s  i n  s t r e n g t h ,  a l m o s t  a l l  dim?led s i n 4 l e - s h e a r i n g  
j o i n t s  h a v i n ~  a d / t  r a t i o  ebove  2 . 1  showed an  i m p o r t a n t  
a d v a n t a g e  i n  s t r e n g t h  o v e r  machine-count  e r s u n k  j o i n t s .  
T h i s  v a l u e  of  &/t  is p r o b a b l y  t h e  l o w e r  l i z i t  a t  mhich 
s a t i  s f a c t o r y  d i m p l i n g  can  be pe r fo rmed .  
A d e t a i l e d  compar i son  o f  t h e  s t r e n g t h  of  t h e  v a r i o u s  
t y p e s  of s i n g l e - s h e a r i n g  j o i n t s  s u b m i t t e d  by manufac tu r -  
e r s  f o r  t h i s  i n v e s t i g a t i o n  i s  shown i n  f i g u r e s  40 a n d  41. 
The number of c r a c k s  f o u n d  i n  randomly s e l e c t e d  dim- 
p l e d  j o i n t s  emphas i zes  t h e  need  f o r  a v o i d i n g  s e v e r e  bends  
when f l a n g i n g  t h e  s h e e t  t o  form t h e  d imple .  U n f o r t u n a t e l y ,  
i t  d o e s  n o t  seem p r a c t i c a b l e  t o  u s e  a bend of l o n c  r a d i u s  
a t  t h e  d imple  w i t h o u t  i n t r o d u c i n g  b u l % i l g  of  t h e  s h e e t s  
and  a c r e v i c e  between t h c  m a n u f a c t u r e d  h e a d  and  t h e  s h e e t .  
The r e c e n t  t r e n d  toma,rd a l a r g e r  i n c l u d e d  a n g l e  of t h e  man- 
u f a c t u r e d  head  (100' - 120') seems t o  o f f e r  a p a r t i a l  so-  
l u t i o n  o f  t h i s  d i f f i c u l t y  i n  t h a t  t h e  s m a l l e r  bend a n $ l e  
a t  t h e  d imple  p e r m i t s  a s h a r p e r  bend w i t h o u t  d a n g e r  of 
r u p t u r e ;  some r e d u c t i o n  i n  t h e  s h e a r i n s  s t r e n g t h  would be 
e x p e c t e d  t o  accompany t h i s  i n c r e a s e  i n  t h e  i n c l u d e d  a n s l e .  
The t e n s i l e  t e s t  o f  j o i n t s  was found  t o  be  e f f e c t i v e  i n  
d e t e c t i n g  circumferential c r a c k s  i n  t h e  s h e e t  at t h e  edge  
of t h e  d i m ~ l e .  
C r e d i t  i s  due t h e  U . S .  Army A i r  Corps  f o r  a s s i s t a n c e  
i n  o b t a i n i n g  t e s t  spec imens ,  t h e  Boeing A i r c r a f t  Company, 
t h e  C u r t i s s - T r i g h t  C o r p o r a t i o n ,  t h e  Douglas  A i r c r a f t  Co., 
I n c . ,  t h e  Glenn  L .  M z r t i n  Co., t h e  Naval  A i r c r c f t  P n c t o r y ,  
t h e  N o r t h  Americnn A v i a t i o n ,  - Inc . ,  t h e  S e v e r s k y  A i . r c r a f t  
C o r p o r a t i o n ,  and  t h e  S i k o r s k y  A i r c r a f t  D i v i s i o n  o f  U n i t e d  
A i r c r = % t  C o r p o r a t i o n  f o r  s u b m i t t i n g  t e s t  spec imens  of 
f l u s h - r i v e t e d  j o i n t s ;  t o  t h e  Aluminum Company of Amer ica  
f o r . d o n a t i n $  t h e  s h e e t  a n d  r i v e t s  u s e d  i n  t h e  NBS j o i n t s ,  
and  t h e  ~ ~ ~ e t a l l u r g i  c a l  D iv i  s i o n  o f  t h e  H a t i o n q l  Bureau  o f  
S t ~ ~ n d a r d s  f o r  making p h ~ t o m ~ ~ c r o q r a p h s  of  t h e  j o i n t s .  
3 n t i o n a l  Bureau of S t n n d s r d s ;  
V a s h i n g t o n ,  D .  C . .  Bnvember 1936 
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A i r f o i l .  T . N .  Bo. 4 6 1 ,  B.A.C.A., 1 9 3 8 .  
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a n d  Sac?c~~a rd -Lap?ec t  J o i n t s ,  i n  t h e  C o n p r e s s e d  A i r  
Tunne l .  R ,  & I,!. No. 1 7 8 9 ,  B r i t i s h  A . X . C . ,  1 9 3 7 .  
3. Hood, Iviznley J .  : The E f f e c t s  of  Some Connon S u r f a c e  
I r r e g u l ~ ~ r i t i e s  on Ving Drag.  T.B.  Bo. 5 9 5 ,  B.A.C.A., 
19rZ9. 
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Figure 1 . -  SchernELtic diagram of specimens showing loads. 
Sin gle - sheorin9 Double -shearing ~b,brox 
specimen specimen (op fional) 
Figure 2.- Sheering sgecimene. 
M.A.C.A. Figs. 3,6 
lo in  f 
Drilled shee f Figure 3.- Tensile specimens. 
3. Proportions of type 
3 rivet  were available 
for 1/8-in. aiee only. 
Figure 6 . -  Types of r ivets  and joints. 76 ( ) N . B . S .  

Figure 5.- Tensi le  specimen Figure 14.- Drop hammer used t o  d r ive  69BS 
a f t e r  f a i l u r e  show- r i v e t s .  The specimen A i s  clamped t o  
i n g  f i x t u r e .  t h e  a l ign ing  frame B which s l i p s  over t h e  
f ixed  r i v e t  s e t  C. The movable s e t  B i s  
connected t o  t h e  anv i l  E.  The hammer F i s  
r a i sed  t o  a predetermined height ind ica ted  
on the  graduated guide tube O an& released. 
The weight of t h e  support H i s  l a rge  com- 
pared t o  the weight of t he  hammer. 
P i w e  7,- Crsm @eet%an sf mcBaineme~mtered j0%.%4fs, 
fwtuer Ab The joint ambers (gee fig, 6 )  
@home 
M . A , C , A ,  F i g .  8 
N , A , C , A ,  Fig. 9 
F P s r e  9.- Joints ma rivet, aetnser C, (a) crasr 
rireckion sf Joiatsr; (b) pho~smie9;0&rspkt. sf top 
rivet in (a); ( c )  plso$omier~rap%a, sf sme rive& see%$eaed 
st right -Per t o  plwe exposed in (a) r%n& ( b ) ;  (d) mi- 
croe$me%usoe sf cold-worked metal in the driven head sf 
'bh5 8-8 B"&VB$; (@) ~ & L ~ c P ~ s % ~ c % w Q %  0f %he S@ElQ 
show%% mdefomed grain@, 
Fig. 10 
F i w e  loe- (a) Croc8sls recaGis~a of goinsts, eturcar 
b) raja1 c~i~%eke bn dimpled sheet gb$ edge 
of r i v e t  hole; ( c )  md ( 8 )  $oco%ion of cracks shorn eta- 
large4 i a  ((a> a d  t i )  terpec&3vely, 
M . A . C , A .  Fig, 1'4. 
P i m e  11,- Cross secclon of HB8 spe@%a%-~va8~60mt~s1sa~-  





Pigure 16.- Test results for double-shear- 
ing specimens, manufacturer A. 
Points in the upper series indicate the 
stress at failure. Directly below each of 
these a corresponding point is shsrm to 
indicate by number and letter symbols the 
rivet diameter in units of 1 32 in. and 
the type of failure (table 7J respectively. 
Figs. 18,16 
I I k-----Rivet sef 
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Fie== 15.- Test r e su l t s  f o r  single-shearing and t ens i l e  specimens, manufacturer A. Points i n  
the  upper s e r i e s  indica te  the s t r e s s  a t  fa i lure .  Directly below each of these  a 
corresponding point is  shown t o  indicate  by number and l e t t e r  symbols the  r i ve t  diameter i n  
un i t s  of 1/32 i n .  and the type of f a i l u r e  ( t ab l e  7) respectively. 
t 
Figure 17.- Test r e su l t s  for  single-shearing and t ens i l e  specimens manufacturer B. Points i n  
the upper s e r i e s  indica te  the s t r e s s  a t  f a i l u r e .  ~ i r e c i l y  below each of these a 
corresponding point i s  shorn t o  indicate  b number and l e t t e r  symbols the r i ve t  diameter i n  
uni ts  of 1/32 i n .  and the type of f a i l u r e  f t a b l e  7) respectively. 
B.A.C.A. Figs. 18,19,21 
Figure 18.- Test r e su l t s  f o r  single-shearing and t ens i l e  specimens, manufacturer C.  Points i n  
the  upper s e r i e s  indica te  t he  s t r e s s  a t  f a i l u re .  Directly below each of these a 
corresponding point i s  shown t o  indica te  by number and l e t t e r  symbols the r i v e t  diameter i n  
u n i t s  of 1/32 i n .  and the  type of f a i l u r e  ( t ab l e  7) respectively.  
...... 
Figure 19.- Test r e su l t s  fo r  double-shear- 
ing  specimens, m u f a c t u r e r  C.  
Points i n  t he  upper s e r i e s  indicate the 
s t r e s s  a t  f a i l u re .  Directly below each of 
these  a corresponding point i s  shown t o  
indica te  by number and l e t t e r  symbols the  
r i v e t  diameter i n  un i t s  of 1/32 in. aurd the 
type of f a i l u r e  ( t ab l e  7) respectively.  
Figure 21.- Test r e su l t s  fo r  t ens i l e  specimens, manu- 
fac turer  D. Points i n  the  upper s e r i e s  in- 
d i ca t e  the  s t r e s s  a t  f a i l u re .  Directly below each of 
these a corresponding point i s  shown t o  indica te  by num- 
ber and l e t t e r  symbols the r i v e t  diameter i n  un i t s  of 
1/32 in .  and the type of f a i l u r e  ( t ab l e  7) respectively.  
N.A.C.A. Figs.  20,22 ' 
50 I I 
Mfr. E 
o Joinf 21, equal sheet thicknesses 
- ,* , * . uneauol , - 
Figure 22.- Test r e s u l t s  f o r  single-shearing and t e n s i l e  specimens, manufacturer E. Points  i n  the  
upper s e r i e s  ind ica te  the s t r e s s  at f a i l u r e .  Direct ly below each of these a correspond- 
ing point  i s  shown t o  ind ica te  b number and l e t t e r  symbols t h e  r i v e t  diameter i n  u n i t s  of 1/32 in.  
and the  type of f a i l u r e  ( t a b l e  '77 respectively.  
B . A . C . A .  Pigs. 33,24,26 
Figure 24.- Test r e s u l t s  for single-shearing and t ens i l e  specimens, manufacturer F. Points i n  the 
upper s e r i e s  indica te  the s t r e s s  a t  f a i l u r e .  Directly below each of theee a corrsspond- 
ing point is  shown t o  indicate b number and l e t t e r  symbols the r i v e t  diameter i n  un i t s  of 1/53 in.  
and the  type of f a i l u r e  ( t ab l e  77 respsctively. 
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Figure 23.- Test r e s u l t s  f o r  double-shear- 
ing specimens manufacturer E. 
Points i n  the upper s e r i e s  indica te  the  
e t rese  a t  fa i lure .  Directly beloa each of 
these a correeponding point i s  shorn t o  
indicate by number an8 l e t t e r  symbols the 
r ive t  diameter i n  un i t s  of 1 /32, in .  and the 
type of f a i l u r e  ( t ab l e  7) respectively. 
I Mfr E 
o Joinf 25 
v 28 
I A17ST r ivefs  
Sb . 1,000 
80 
2 4 S T  sheet 
lb /sq. in. 
--I20 -160 
B.A.C.A.  Figs. 25,27 
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Figure 27.- Test results for single-shearing and tensile specimens, manufacturer NAF. Points 
in the upper series indicate the stress at failure. Directly below each of these a 
corresponding point is shown to indicate b number and letter symbols the rivet diameter in 
units of 1/32 in. and the type of failure 7 table 7) respectively. 
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Figure 30.- Test results for NBS A17ST 
press-driven special-oval- 
countereunk-head-riveted double-shearing 
specimens. Points in the upper series 
indicate the stress at failure. Directly 
below each sf these a corresponding point 
ie shorn to indicate by number and letter 
symbols the rivet diameter in units of 
1/32 in. and the type of failure (table 7) 
respectively. 
Figure 33.- Teet results for NB8 178T press-driven epscial-oval-countersunk-head-riveted. 
single-shearing and tensile specimsna. Pointe in the upper series indicate the 
the stress at failure. Directly below each of these a corresponding point is shorn to indicate 
by number and letter symbols the rivet diameter in units of 1/32 in. and the type of failure 
(table 7) respectivelv. 
N . A . C . A .  Figs. 29,31 
Figure 29.- Test results for NBS A17ST press-driven special-oval-countersunk-hsad-riveted- 
single-shearing and tensile speoimens. Points in the upper series indicate the 
stress at failure. Directly bslow each of these a corresponding point is shown to indicate 
by number and letter symbols the rivet diameter in units of 1/32 in. and the type of failure 
(table 7) respectively. 
Figure 31.- Test results for XB8 A17ST hammer-driven special-oval-countersunk-head-riveted 
single-shearing and tensile specimens. Points in the upper series indicate the 
stress at failure. Directly below each of these a corresponding point is shown to illdicate by 
number and letter symbols the rivet diameter in units of 1/32 in. and the type of failure 
(table 7) respectively. 




Figure 32.- Test results for NB8 A178T 
hammer-driven epecial-oval- 
countersunk-head-riveted double-shearing 
specimens. Points in the upper series in- 
dicate the stress at failure. Directly 
below each of theee a correeponding point 
is shown to indicate by number and letter 
symbols the rivet diameter in units Of 






Pigure 34.- Test results for 1J8S 17ST 
prese-driven special-oval- 
countersunk-head-riveted double-shearing 
apeoimens. Points in the upper series 
indicate the stress at failure. Directly 
belor each of these a corresponding point 
is shown to indicate by number and letter 
symbols the rivet diamete in units of 











Mfc A.B. 5. Joint 76 
I 
0 24ST o/c/ad sheef 
Figure 35.- Test resu1ts"for BB8 A17ST press-driven brazier-heed-riveted siigla-shearing and ten- 
sile apecimene. Points in the upper series indicate the strees at failure. Directly 
below each of theee e correeponding point is shorn to indioate by number and letter symbols the 
rivet diameter in units of 1/32 in. and the type of failure (table 7) respectively. 
o 24ST sheet 
A 24SRT . 
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Figure 36.- Test results for HE8 A178T 
press-driven braeier-heab- 
riveted double-shearing epbOimen8. Points 
in the upper series indicate the stress 
at failure. Directly below each of these 
a corresponding point is shorn to indicate 
by number and letter symbols the rivet di- 
ameter in units of 1/32 in. and the type 
of failure (table 7) respeotively. 
L I I I I I I 




Figure 38.- Test results for NB8 A178T 
hammqr-driven brazier-head- 
riveted double-shearing specimens. Points 
in the upper series indicate the stress at 
failure. Directly below each of theae a 
corresponding point is shorn to indicate 
by nwber and letter symbols the rivet 
dimaster in units of 1/32 in. and the type 
of failure (table 7) respeotively. 
t 
Figure 37.- Test results for liB8 A178T hsmer-driven braxier-heab-riveted single-shoabring W 
tensile specimens. Points in the upper aeries indicate the stredas at failure. 
Directly below each of these a correslgonding point is shown Po Indicate by number and let962 














Joint 5 7 
0 Z9ST o/c/ad sheef 
0 Z4ST sheet 
A 24SRT " 
O \  
8 
\ 
\ * \  

Dimp/ed joints 
~ l w l u r ' ~  Protrud~ng (brazier)-head joints, A /7S T rivefs (NBS) 
~ / U ~ ~ Z U L U 4 '  Machine- countersunk 
\ r 
f * , )  
, 17ST ( 
- - - - - - - - - - - ,, ,t * , 24ST [ M f r A )  
B II * . /7ST / FJ 
N . A . C . A .  Fig. 41  
Figure 41.- Summary of test results for all dimpled single-shearing specimens. 
